. BSR is prevalent in 68 to 73% of the soybean fields in Illinois, Iowa, and Minnesota (18) . The currently recommended management strategy is use of BSR-resistant soybean cultivars combined with rotation to nonhost crops (19) . C. gregata in the Midwest is composed of two genotypes (4) that differ in their aggressiveness and ability to cause BSR symptoms on certain soybean genotypes (2, 4, 5) . Genotype A is generally recognized as the more aggressive based on symptom expression.
Selection and breeding for BSRresistant cultivars relies heavily on field screenings on BSR-infested soil. Because of the effects of factors such as unfavorable weather, insufficient inoculum and/or uneven inoculum distribution in the soil, and presence of other pathogens in the field that can break resistance to BSR (13) , field screening must be done at multiple locations over several seasons to obtain reliable results (9) . This is both expensive and time-consuming.
Alternatives to field screening are molecular markers (6) and assessments of stem and/or foliar symptoms in inoculated plants grown in greenhouse or growth chamber conditions (7, 10, 11, 12, 14, 17) . Molecular markers are useful only if the source of resistance is known and the resistance co-segregates with the marker(s). Greenhouse and growth chamber screens can be problematic as well and often give unreliable results due to inconsistent symptom expression (12, 14) . In addition, BSR symptoms are measured subjectively and therefore are subject to experimenter bias. A screening method that does not depend on molecular markers or symptom assessment will be a valuable addition to the pool of BSR assays.
Recent research indicates that BSR resistance is expressed in the stems of resistant soybeans and that this resistance can be detected as a reduction in the height of fungal colonization in resistant stems (14) . This research demonstrated that the fungus advances with the growing tip in susceptible soybean genotypes and lags behind in resistant genotypes after introduction of the fungus into the base of 2-week-old plants (14) . This difference in the movement of the fungus in stems of resistant and susceptible soybean genotypes might be exploited to develop a screening method that involves assaying for the presence of the fungus in the tips of inoculated plants. Such a screening method would not depend on symptom expression and therefore may be less subject to experimenter bias.
The specific objectives of the research reported herein are (i) to develop a fungalcolonization assay for BSR resistance and compare the new assay with symptombased assays and molecular marker assays, and (ii) to test the effect of incubation temperature on the reliability of the new assay. During the course of the study, we also determined the mode of inheritance of BSR resistance in two inbred populations.
MATERIALS AND METHODS
Experiment names. A total of 11 experiments were conducted. For clarity, these are identified by a combination of numbers and letters. Four field experiments were conducted in 2000 and 2001 at two locations in Iowa to test two soybean breeding populations for BSR resistance using a standard BSR-resistance screening method. Experiments 1A and 2A were conducted in Ames, IA, in 2000 and 2001, respectively. Experiments 1B and 2B were conducted in Mason City (NIACC area), IA, in 2000 and 2001, respectively. The same soybean lines in the above experiments were tested for BSR resistance in a greenhouse (experiments 3A, 3B, 4A, and 4B) using fungal-colonization, foliar symptom, and internal stem discoloration assays. Also, two growth chamber experiments (5A and 5B) were conducted to test the effect of three temperature regimes on the fungal-colonization assay. A molecular marker associated with BSR resistance was assessed in experiment 6.
Soybean genotypes. The soybean lines tested in field, greenhouse, and molecular marker experiments (1A, 1B, 2A, 2B, 3A, 3B, 4A, 4B, and 6) were two populations developed for the study, AX14853 and AX15633. The parents of each population and check cultivars (five BSR-resistant and five BSR-susceptible) were also included in the experiments. Population 1 (AX14853) was obtained from the cross of a BSRsusceptible genotype A95-581022 with a BSR-resistant genotype A96-597011. Population 2 (AX15633) was developed from the cross of Pioneer 9233, a BSRsusceptible genotype, to a BSR-resistant genotype, A95-682026. Genotypes A96-597011 and A95-682026 were advanced experimental lines from Iowa State University developed for BSR resistance from crosses which derived their resistance from ABSTRACT Tabor, G. M., Cianzio, S. R., Tylka, G. L., Roorda, R., and Bronson, C. R. 2006. A new greenhouse method to assay soybean resistance to brown stem rot. Plant Dis. 90:1186-1194.
Greenhouse, growth chamber, and field experiments were conducted to develop a method to assess resistance of soybeans to Cadophora gregata (Phialophora gregata), causal agent of brown stem rot (BSR). In the new method, C. gregata is introduced at the base of the stems of 2-week-old soybeans, and the presence of the fungus is assessed in the tips of the stems 5 weeks later. To test the effectiveness of the method, two populations of soybeans and 10 checks were inoculated at the stem base and then assayed for fungal colonization of the stem tips, percentage of symptomatic leaflets, and percent internal stem length discolored. The lines also were planted in naturally infested fields to assess for percent internal stem length discolored, and were tested for the presence/absence of a BSR-resistant molecular marker. Greenhouse, field, and molecular marker data were compared. Linear regression analysis suggested that percentage of plants with colonized stem tips explained 41 to 64% of the variability (P < 0.0001) in percent stem length discolored in the field and 58 to 85% of the variability (P < 0.0001) in molecular marker data for BSR resistance. Percent stem length discolored assessed in the greenhouse had the lowest correlation with percent stem length discolored in the field and with the molecular marker. Of three incubation temperatures tested, 22°C was the most conducive for distinguishing resistant/susceptible soybeans using the colonization method.
cultivar BSR 101. The cultivar BSR 101 (15) was developed by Iowa State University and traces its resistance to PI 84946-2. Pioneer 9233 is a high-yielding line from Pioneer Hi-Bred International. The crosses, population development, and inbreeding to obtain lines for the study were conducted at the Isabela Substation of the University of Puerto Rico, Isabela, Puerto Rico. Fifty random lines from each population were used in the above experiments. Lines in population 1 were in the F 6 generation (F 6 -derived lines), and lines in population 2 were in the F 5 (F 5 -derived lines) generation. In experiments 5A and t Data were analyzed using GLM in which year, location, and replications (for field experiments) and replications and experiments (for greenhouse experiments) are treated as random effects. Population 1 (AX14853) was obtained from the cross of a BSR-susceptible genotype A95-581022 with a BSR-resistant genotype A96-597011. Population 2 (AX15633) was developed from the cross of Pioneer 9233, a BSR-susceptible genotype, to a BSR-resistant genotype, A95-682026. u Numbers are means from analysis of combined experiments 1A, 1B, 2A, and 2B, each with two replications, and there are 10 plants in each replication. v Numbers are means from analysis of combined experiments 3A and 3B, seven and nine replications in each, respectively, and there is one plant in each replication. w Numbers are means from combined experiments 4A and 4B, 10 replications in each, and there is one plant in each replication. x R = BSR-resistant marker and S = BSR-susceptible marker. y Progeny are sorted by % stem tips colonized in ascending order. z Fisher's least significant difference (P = 0.05).
5B (growth chamber experiments), five BSR-resistant and four BSR-susceptible soybean genotypes were tested. BSR resistance/susceptibility of soybean lines was evaluated by growing plants on naturally infested soil and evaluating at the end of the growing season, at reproductive stages R7 to R8. Ten random plants were pulled from each plot. Stem length of each plant was measured from the soil line to the uppermost node, split longitudinally, and the height of internal stem discoloration was measured and expressed as a percentage of total stem length. No foliar symptoms were observed in field tests. periments (3A, 3B, 4A, 4B, 5A, and 5B) . Growth conditions. Seeds of each soybean genotype were planted in a pasteurized mix of soil, sand, and perlite (2:1:2) in 4 × 21 cm plastic, cone-shaped containers (Stuewe and Sons, Corvallis, OR). There was one plant per container. In greenhouse experiments (3A, 3B, 4A, and 4B), plants were kept in a greenhouse set at constant temperature of 22°C; although actual mean temperatures ranged from 17 to 21°C depending on the experiment. In the growth chamber experiments 5A and 5B, plants were kept in a growth chamber with no humidity control and set at various temperature regimes as determined by the temperature treatment. In all greenhouse and growth chamber experiments, plants were grown under 16 h light and were fertilized weekly. In the greenhouse, highpressure sodium lamps (400 W) were used to supplement natural light.
Greenhouse and growth chamber ex-
Inoculation. The C. gregata strain (OH2-3) used in these experiments was a single-spore isolate of strain OH2 provided by Cecil Nickell at the University of Illinois. Cultures were started on green bean extract (GBE) medium (35 g/liter ground frozen Phaseolus vulgaris L. green pods, 20 g/liter agar) supplemented with 50 mg/liter ampicillin. Cultures were incubated at room temperature (21 to 23°C) in the dark until abundant sporulation was visually evident. Conidia of C. gregata were suspended in 0.8% water agar (2.7 × 10 7 conidia/ml). The conidial suspension was thoroughly mixed (by tapping with sterile micropipette tips) into a paste. Stems of 2-week-old plants were punctured approximately 2 cm above the soil line with an 18-gauge needle (Becton Dickinson, Franklin Lakes, NJ) with its bevel filled with the inoculum paste. A needle with water agar paste without conidia was stabbed into stems of control plants.
Experimental design. Plants were arranged in a randomized complete block design; blocks were locations within a greenhouse or a growth chamber, and a treatment occurred once in each block. There were seven blocks in experiment 3A and nine in 3B. There were 10 blocks in each of experiments 4A and 4B, and four blocks in each of experiments 5A and 5B.
Foliar symptom assay. Foliar symptoms were assessed, 5 weeks after inoculation, as the proportion of symptomatic trifoliate leaflets divided by the total number of trifoliate leaflets. Each trifoliate was recorded as healthy, chlorotic, stunted, necrotic, or abscised. If a leaflet was normal in size, not deformed, and not necrotic, it was recorded as healthy or chlorotic depending on the predominant (>50%) color of the leaflet. If a leaflet was abnormally small and deformed but not necrotic, it was recorded as stunted. If there was any necrotic area in the leaf, it was recorded as necrotic, and if the leaflet had fallen off the plant it was recorded as abscised (missing). Severity of foliar symptoms was determined using the formula: (stunted trifoliate leaflets 6  55  13  31  Archer  14  53  24  10  BSR101  9  69  15  13  BSR101  10  49  20  5  IA1006  8  41  12  7  IA1006  9  40  23  5  IA2008R  11  41  10  0  IA2008R  8  34  9  0  IA2050  7  71  16  14  IA2050  9  65  31  10  Susceptible checks  Susceptible checks  Corsoy79  33  86  55  80  Corsoy79  38  87  88  85  IA2021  38  97  48  67  IA2021  23  78  84  85  IA3010  43  73  32  50  IA3010  33  63  59  75  Parker  19  76  42  47  Parker  15  67  60  80  Sturdy  21  80  50  75  Sturdy  18  86  76  74  LSD z  11  19  14  30  LSD z  13  15  17  21 t Data were analyzed using GLM in which soybean genotype is the only fixed effect and year, location, and replications (for field experiments) and replications and experiments (for greenhouse experiments) are treated as random effects. Pearson correlation coefficients between various assays were computed based on data from treatment means from each experiment and pooled experiment using the Corr procedure. x Stem = % stem length discolored; foliar = % symptomatic trifoliate leaflets; fungus = % stem tips colonized; fungus + foliar assay is the average of foliar and fungus ratings. y Numbers are computed based on seven and nine replications, one plant in each replication, in experiments 3A and 3B, respectively; two replications, each with 10 plants for individual field experiments. z Within an experiment or pooled experiments, values with the same letters in a column are not significantly (P < 0.05) different from each other. Equality of correlation coefficients was tested using the modified Hotelling test. NIACC = Mason City, IA. Table 4 . Pearson correlation coefficients (r) among brown stem rot resistance ratings using greenhouse, field, and molecular marker assays to evaluate progeny lines of population 2 and resistant and susceptible checks + necrotic trifoliate leaflets + abscised trifoliate leaflets/total trifoliate leaflets) × 100%. Chlorotic leaflets were not included in calculations of symptom severity because some of the noninoculated plants had chlorotic leaflets. Foliar symptoms were assessed without knowledge of the treatments. Stem discoloration assay. Internal stem discoloration was assessed 5 weeks after inoculation, visually after splitting stems longitudinally. A stem was considered discolored if there was any visible dark brown discoloration on the vascular tissue or the pith of the stem. Severity of discoloration (percent stem length discolored) was calculated by dividing highest point of discoloration by total stem length × 100%. Because discoloration data are subjective, a single investigator collected all discoloration data within a block without knowledge of the treatment.
Fungal colonization assay. In experiments 3A, 3B, 4A, and 4B, fungal colonization was assessed once. In experiments 5A and 5B, it was assessed weekly over a 5-week period starting 1 week after inoculation. When it was done only once, assessment was made 5 weeks after inoculation, and only in the top 15% of stem tips.
To determine the top 15% for cutting, the average plant height was determined by measuring the height of 20 randomly selected plants, and the length of stem tip for cutting in each plant was calculated relative to mean plant height. Stem tips were immersed for 2 min in 70% ethanol, rinsed in sterile, deionized water, and plated on GBE agar supplemented with ampicillin (50 mg/liter). In experiments in which C. gregata colonization was assessed weekly over a 5-week period (experiments 5A and 5B), stems were severed at the soil line and were immersed for 3 min in 70% ethanol, followed by 5 min in 10% sodium hypochlorite (commercial bleach) and a final rinse in sterile, deionized water. Stem length (plant height) was measured, and the stems were cut into 2-cm pieces. The relative position of each stem piece on the plant was recorded, and stem pieces were plated on GBE agar supplemented with ampicillin (50 mg/liter). The plates were incubated at 15°C in the dark for 15 days. The emerging fungal mycelia were examined microscopically for conidia and conidiophore morphology characteristic of C. gregata. A stem piece was considered colonized if C. gregata was recovered from any portion of the stem piece. In experiments 5A and 5B, stems were colonized starting from the base up to the maximum height colonized without gaps (data not shown). Consequently, severity of colonization was calculated by dividing the maximum height colonized by the total stem height multiplied by 100%.
Molecular marker assay (experiment 6). The 50 lines from each population, parents, and checks were also tested for the presence of marker 35E22.sp, a polymerase chain reaction (PCR) marker reported to be associated with BSR resistance (6) . Young leaves were collected from two randomly selected plants in a plot planted to a progeny line from field plots in Ames, IA. The leaves were placed in a tube, immediately frozen in liquid nitrogen, and stored at -80°C. For DNA extraction, the leaves were ground to a fine powder in liquid nitrogen using a sterile mortar and pestle. DNeasy kit (Qiagen, Valencia, CA) was used to extract DNA. PCR primers, PCR reactions, restriction enzyme digestion, and electrophoresis were as described by Klos et al. (6) except that the amount of template DNA per PCR reaction varied from 10 to 30 ng/µl. Products of the PCR reaction were digested with restriction enzyme Fig. 1 . Brown stem rot (BSR) severity ratings and the number of inbred lines of population 1 (n = 50) with the homozygous resistant (RR), heterozygous (RS), or homozygous susceptible (SS) alleles for BSR resistance molecular marker 35E22.sp. Field and several greenhouse BSR assays are compared for their ability to distinguish the lines (n = 50) with respect to the allele they possess. The "R" allele is derived from the resistant parent, and the "S" allele is derived from the susceptible parent.
Hha1 and run on 2% agarose gels in Trisacetate-EDTA (TAE) buffer. Individual bands (alleles) were scored as homozygous resistant (RR) or susceptible (SS), or segregating (RS). The molecular marker assay was performed on each individual line at least twice using DNA from separate extractions. In a few cases, DNA extractions and PCR were performed up to four times to confirm the genotype of a line. If a line had inconsistent genotypes from the four PCR reactions, the line was assumed to be not totally inbred and considered heterozygous for the marker.
Data analysis. Statistical analyses were conducted using the SAS software package version 9.1. Data from field, greenhouse, and growth chamber experiments were analyzed using GLM in which soybean genotype is the only fixed effect and year, location, and replications (for field experiments) and replications and experiments (for greenhouse and growth chamber experiments) are treated as random effects (8) . Pearson correlation coefficients between various assays were computed based on data from treatment means from individual experiments and pooled experiments using the Corr procedure. Equality of correlation coefficients was tested using the modified Hotelling test (16) . Molecular marker data were tested for goodness of fit to a segregation ratio of 1 RR: 1 SS or 3 RR: 1 SS by chi-square test. 1A, 2A, 1B, and 2B) . Differences in the severity of internal stem discoloration among the 50 lines within each population and among parents and checks were highly significant (Tables 1 and 2 ). In some experiments, the field resistance screen distinguished (P < 0.05) most of the resistant checks from most of the susceptible checks (data not shown). Nonetheless, in none of the experiments did the field assay distinguish every resistant check from every susceptible check, nor did pooled data across two locations and 2 years distinguish every resistant check from every susceptible check (Table 2 ). Data across locations and years distinguished a difference (P < 0.05) between the parents of population 1 but not between the parents of population 2 ( Table 2) .
RESULTS

Field resistance screens (experiments
Greenhouse resistance assays (experiments 3A, 3B, 4A, and 4B). Differences within each population and checks in the incidence of fungal colonization of stem tips and severity of foliar and stem symptoms were significant for both populations and parents and checks (Tables 1  and 2 ). Pooled data for experiments 3A and 3B and 4A and 4B suggest that the fungal colonization and foliar assays distinguished resistant from susceptible checks more clearly than did the stem discoloration assay ( Table 2 ). The data also suggested significant (P < 0.05) differences in fungal colonization and foliar symptoms between the parents of population 2 (Table 2 ), but not between the parents of population 1 ( Table 2) .
Ability of greenhouse assays to predict field data. Data from the greenhouse experiments were significantly (P < 0.05) correlated (r) with stem discoloration data from field experiments for both populations, parents, and checks (Tables  3 and 4 ). For the checks and parents, there was no significant (P < 0.05) difference among greenhouse methods in how they correlated with field data except in experiment 4B (Table 4) , in which colonization data were better correlated with field data than were greenhouse stem symptom data. For populations 1 and 2, greenhouse stem discoloration assays Fig. 2 . Brown stem rot (BSR) severity ratings and the number of inbred lines of population 2 (n = 50) with the homozygous resistant (RR), heterozygous (RS), or homozygous susceptible (SS) alleles for BSR resistance molecular marker 35E22.sp. Field and several greenhouse BSR assays are compared for their ability to distinguish the lines (n = 50) with respect to the allele they possess. The "R" allele is derived from the resistant parent, and the "S" allele is derived from the susceptible parent. mostly had the lowest correlation with field data (Tables 3 and 4) .
For the two populations, linear regression analysis indicates that foliar symptoms explained the highest percentages of variability in field stem discoloration, followed by colonization and stem discoloration. The coefficients of determination (r 2 , P < 0.0001) were 0.41 and 0.66 for colonization, 0.47 and 0.71 for foliar symptoms, and 0.25 and 0.40 for greenhouse stem symptoms, for population 1 and population 2, respectively. The high correlation between colonization and field assay and foliar assay and field assay suggest that these two greenhouse methods can be used for BSR screening in place of field assays.
Molecular marker assay (experiment 6). Segregation of molecular marker 35E22.sp was 30:4:16 for population 1 and 19:8:23 population 2 for homozygous resistant (RR), heterozygous (RS), and homozygous susceptible (SS) alleles of the marker, respectively. For population 1, 3.125% of the lines (1.56 lines) are expected to be heterozygous in the F 6 generation, and for population 2, which is in the F 5 generation, this percentage is 6.250 or 3.125 lines. In both populations, the number of heterozygotes was more than what was expected at their respective level of inbreeding. Assuming heterozygous lines will eventually segregate, in equal numbers, into homozygous RR and SS lines in generations beyond F 5 and F 6 , the heterozygous lines were excluded from the chi-square test. For population 1, a 1 RR: 1 SS segregation was narrowly rejected (χ 2 = 4.26 with 1 df, P = 0.04), while a 3 RR: 1 SS segregation was accepted (χ 2 = 1.86 with 1 df, P = 0.13), suggesting two copies of the marker. For population 2, a 1 RR: 1 SS segregation was accepted (χ 2 = 0.38 with 1 df, P = 0.54). These results suggest the marker is inherited as single locus.
Molecular marker data versus greenhouse and field data. For the two populations and checks, greenhouse data were significantly (P < 0.05) correlated with molecular marker data (Tables 3 and 4) . Linear regression analysis suggested that fungal colonization data has a stronger relationship (r 2 ) with marker 35E22.sp than data from other greenhouse or field assays; greenhouse stem discoloration data has the lowest r 2 with the molecular marker. The r 2 (P < 0.05) values for populations 1 and 2, respectively, were 0.58 and 0.85 for colonization, 0.30 and 0.82 for foliar, and 0.11 and 0.33 for stem discoloration assays. The corresponding values for the field assays were 0.71 and 0.67. The above r 2 values were calculated based on pooled data from two experiments for greenhouse assays and four experiments for field assays.
Plotting greenhouse and field data in a frequency distribution indicated that the various BSR-resistance assays differed in their ability to clearly separate lines with identical molecular marker alleles into non-overlapping categories of BSR scores. Depending on the population, either foliar or colonization assays identified the highest number of homozygous resistant individuals into non-overlapping categories of BSR scores (Figs. 1 and 2) .
Effect of temperature on fungal colonization (experiments 5A and 5B). Results from both experiments were similar, and consequently data were analyzed treating replications and experiments as random effects. The 22°C treatment was the best incubation temperature for separating BSR-resistant from BSR-susceptible soybeans. At 22°C, the fungus advanced closely with the growing stem (plant) tip of susceptible soybeans and lagged behind in resistant soybeans (Fig. 3) ; this difference between susceptible and resistant soybeans is the basis of our colonization assay. At 27°C, the fungus did not advance with the growing stem tip of some susceptible soybeans as closely as it did at 22°C (Fig. 3) . At 17°C, the fungus advanced closely with the growing tip of both resistant and susceptible soybeans. The maximum difference between resistant and susceptible soybeans, as a group, in the percentage of stem length colonized by the fungus was detected in the 22°C treatment, 5 weeks after inoculation. These results suggest that fungal colonization assay is affected by temperature, and incubation at 22°C can be used to screen for BSR resistance using the colonization assay.
DISCUSSION
The fungal colonization method reported in this manuscript adds another option for screening soybeans for resistance to genotype A (2) of the BSR fungus, either in greenhouse or growth chamber conditions. The method employs inoculating the base of 2-week-old soybean plants with C. gregata followed by assessment of incidence of C. gregata colonization in the stem tips. In our experiments, the percentage of stem tips colonized was highly correlated both with BSR rating in the field and with the presence of a molecular marker (6) linked to BSR resistance (Tables 3 and 4).
Colonization and foliar assays were comparable in their effectiveness in distinguishing resistant from susceptible soybeans, although occasionally, one method was slightly more effective than the other. The combined colonization and foliar assays were consistently more correlated with field BSR and molecular marker data than each assay was alone (Tables 3 and  4) . Thus, when a high-sensitivity BSR assay is a necessity, the colonization assay can be used in conjunction with a foliar assay if foliar symptoms develop.
The underlying difference in the movement of the fungus inside the stems of resistant and susceptible soybeans is the basis of our colonization assay. One week after introduction of the fungus into the base of 2-week-old seedlings, the fungus can be detected in the stem tips of both resistant and susceptible plants (Fig. 3) . In subsequent weeks, the fungus colonizes the new apical stem growth at a faster rate in susceptible plants than in resistant plants (Fig. 3) . Consequently, the fungus is isolated more frequently from the stem tips of susceptible than resistant plants. However, if new stem growth is insufficient, the fungus can be isolated frequently from the stem tips of both resistant and susceptible plants. On the other hand, if stem growth is too fast, the fungus might not be isolated from the stem tips of either susceptible or resistant plants. Thus, any environmental conditions that severely limit or accelerate new plant growth after inoculation may reduce the effectiveness of the colonization assay.
The greenhouse BSR resistance assays discussed in this manuscript can achieve reliable results in a short time and reduce the need for the typical multilocation and/or multiyear field screenings. The greenhouse assays using stem inoculation (i) reduce the incidence of disease escape compared with field or soil-infestation based methods, (ii) can be conducted yearround, shortening the time needed to develop BSR-resistant soybeans, and (iii) allow the optimization of environmental conditions for BSR development.
